Approximately 70% of the cells in a suspension of the amylolytic bacterium Lactobacillus amylovorus bind to cornstarch granules within 30 min at 25°C. More than 60% of the bound bacteria were removed by formaldehyde (2%) or glycine (1 M) at pH 2.0. More than 90% of the bound bacteria were removed by MgCl 2 (2 M; pH 7.0). Binding of L. amylovorus to cornstarch was inhibited in heat-killed cells and in cells that had been pretreated with glutaraldehyde, formaldehyde, sodium azide, trypsin, or 1% soluble potato starch. Bacterial binding to cornstarch appeared to correlate with both the concentration of cornstarch in the suspension and the amylose content in the granules. The ability of L. amylovorus to adhere to cornstarch granules was reduced for granules that had been extracted with HCI-ethanol, BCI-methanol, HCI-propanol, or HCI-butanol. Chemical derivatization of cornstarch resulted in a wide variety of adhesion responses by these bacteria. For example, 2-0-butyl starch (degree of substitution, 0.09) enhanced adhesion, whereas two palmitate starches (degree of substitution, 0.48 and 0.09) exhibited reduced adhesion activities. 2-0-(2-hydroxybutyl) starch and starch-poly(ethylene-co-acrylic acid) ester showed adhesion activities similar to those of the nonderivatized starch controls.
Starch and its derivatives and hydrolysis products have important industrial applications (18, 27) . Utilization of starch as a renewable raw material has increased considerably over the last decade (8) . Specifically, starch, a biodegradable polysaccharide, has been blended with nondegradable synthetic polymers such as polyethylene, polyethylene-eo-acrylic acid (EAA) , and polymethylacrylate to develop partially "biodegradable" plastic blends (21) .
To hydrolyze starch, organisms must produce amylase, an enzyme capable of cleaving ct-(1~4) glycosidic linkages between ct-D-glucopyranosyl residues in the starch molecule. Amylolytic microorganisms commonly found in soil, freshwater reservoirs, and seawater hydrolyze starch into mono-and disaccharide units.
During the manufacture of starch-containing plastic films, starch is dispersed with synthetic polymers such as polyethylene, EAA, and polymethylacrylate. The properties of these plastic formulations can affect starch location within the film (10, 13, 24) . The degree to which starch is accessible in the hydrophobic plastic matrix largely influences the ability of amylolytic bacteria to attach to the plastic surface, as well as availability of starch to hydrolytic enzymes (10, 13) . Adhesive interactions of microorganisms with insoluble polymeric surfaces is an important phenomenon implicated in a variety of biochemical responses at both a cellular and a molecular level (2, 3, 7, 11, 12, 15, 23, 26) . It has been suggested that the binding of cellulolytic bacteria to plant cell wall and cellulose matrix facilitate cellulose fiber degradation (4) (5) (6) 22) . Studies done in our laboratory indicated that starch in some plastic matrices can be readily hydrolyzed by some amylolytic bacteria (10, 13) , but little is known about whether the adherence of amylolytic microorganisms to starch matrix is required for starch breakdown. It is conceivable that, in the environment, amylolytic microorganisms able to adhere directly to such starch-containing substrates will have a competitive advantage over nonadherent amylolytic organisms. Therefore, adhesion of amylolytic microorganisms to starch-containing materials may be an important factor in determining the fate of biodegradable plastics in the environment. In this report we describe the adhesive interactions of the amylolytic bacterium Lactobacillus amylovorus with granular starches, including chemically modified starches.
MATERIALS AND METHODS
Chemicals. Unless mentioned otherwise, all chemicals were purchased from Sigma Chemical Co., St. Louis, Mo. Cornstarch samples containing 50 and 75% amylose were from American Maize Products, Hammond, Ind. Starch containing 25% amylose was from CPC International, Englewood Cliffs, N.J. Waxy starch containing 2 to 4% amylose was a food-grade Amioca Powder obtained from National Starch and Chemical Corp., Bridgewater, N.J. Cornstarch containing 50% amylose was used in most experiments. Starches containing 2, 25, and 75% amylose were used only in experiments to determine the relationship between cell adhesion and amylose content (see Fig. 5 ).
Organisms and cultures. The bacterium, L. amylovorus NRRL B-4540, used in this study was originally isolated by Nakamura from cattle waste-corn fermentations (20) . Stock cultures were maintained on lactobacilli-MRS agar (Difco Laboratories, Detroit, Mich.) slants. For experimental cultures, cells from the stock culture were inoculated into 250-ml Erlenmeyer flasks containing 100 ml of MRS broth. Cells were allowed to grow for 2 days at 28°C with continuous shaking (125 rpm). At the beginning of the third day, while cells were still in mid-log phase, 50 !-LCi of 3sS-Trans label ( mg/ml) for 1 h and subsequently mixed with starch suspension and tested for adhesion activity. The sugars tested in these experiments were glucose, fructose, galactose, maltose, maltoheptose, melibiose, inositol, mannose, galactouronic acid, glucouronic acid, methyl-a-D-galactopyranoside monohydrate, and 6-methyl glucoside. Chemically treated starches. Cornstarch treated with HClethanol, HCl-methanol, HCI-butanol, and HCI-propanol was prepared by the method described by Ma and Robyt (19) and was kindly provided by John F. Robyt, Iowa State University, Ames.
Starch derivatization. Starches were chemically modified by standard organic chemistry techniques. Briefly, the 2-0-butyl starch ether was prepared with n-butyliodide (99%; Aldrich Chemical Co., Milwaukee, Wis.) and commercial cornstarch (A.E. Staley Mfg. Co., Decatur, 111.). Typically, the reaction was catalyzed by NaOH in 2-propanol saturated with N~S04' The reaction was carried out at 50°C for 40 to 60 h. The product was isolated by neutralization (glacial acetic acid, pH 6.0), filtered, and washed several times with water and then sequentially washed with 80%, 90%, and absolute ethanol. A final wash with acetone and drying in vacuo at 40°C yielded the product (Fig. 1) .
The 2-0-(2-hydroxybutyl) starch was synthesized by using a modification of the method of Kesler and Hjermstad (17) . Starch as described above was treated with 1,2-epoxybutane at 45°C for 60 h. The product was isolated in a manner
,,C alif.) was added to the culture and the cells were allowed to grow overnight. On the next day, the labeled cells (mid-to late-log phase) were harvested by centrifugation (12,000 x g, 10 min, 4°C) and washed three to four times in 50 ml of sterile medium. The final pellet was resuspended in sterile medium to yield 500 to 1,000 cpm/25 IJJ (approximately 10 7 cells). Adhesion assay. A 50% (wtlvol) cornstarch suspension (50 mM phosphate buffer, pH 6.0) was prepared and gently rocked (Hema-Tek Aliquot Mixer; Miles Laboratories) for several hours before use in the adhesion experiments. About 0.5 ml of this suspension was dispensed into a lo5-ml microcentrifuge tube to which a 25-IJ.1 aliquot of 35S-labeled cells was added. Tubes were gently rocked for 30 min at 24°C and then spun for 10 s (two bursts of 5 s each, 15,600 x g; Centra-M Centrifuge, International Equipment Company, Needham Heights, Mass.). This quick centrifugation pelleted starch granules (and bacteria adhering to the granules), but retained nonadhering cells in the supernatant. It was predetermined in earlier experiments that a similar treatment of a suspension of labeled cells of L. amylovorus alone pelleted a negligible amount of radioactivity «5%). These observations were also confirmed by light microscopy. A 50-fl.l aliquot of the supernatant was added to a scintillation vial containing 3.5 ml of Ecolume Liquid scintillation fluid (ICN Biomedicals, Inc., Irvine, Calif.), and the radioactivity was determined in a liquid scintillation spectrophotometer. Total cells bound to starch were determined by using the following formula: % bound cells = {[total cpm added -total cpm in supernatant (unbound cells)]/(total cpm added)} x 100. All samples were analyzed in quadruplicate and each experiment was repeated several times. There was little if any leakage of labeled material from the cells. Quenching due to cell suspension was negligible. Also, cornstarch granule suspensions used in experiments were routinely examined for microbial contamination under a light microscope.
To determine the optimal temperature for cell adhesion, samples were incubated at 4, 15, 24, 30, 40, and 50°C for 30 min as described above.
For pH studies, buffer solution was prepared containing 50 mM each sodium citrate, potassium phosphate, Tris, and glycine. The pH was adjusted to the desired value with either HCl or NaOH. To study the effect of pH on cell adhesion, cells and starch granules were suspended in appropriate buffer prior to their mixing for use in adhesion assays.
To study the removal of bacteria bound to starch granules, cells were mixed with a starch suspension and incubated for 30 min. At the end of the incubation, samples were spun (two times, 5 s), supernatant (containing unbound cells) was separated, and the percentage of cells bound to starch was estimated. About 0.5 ml (approximately 2 bed volumes) of appropriate elution buffer was added to the starch pellet containing bound cells, and samples were gently rocked for 10 min. Subsequently, samples were spun (two times, 5 s) and the percentage of bound cells released into the supernatant by elution buffer was estimated.
For some experiments cells were heat inactivated for 3 min in a boiling water bath (a negligible amount of cell-bound label was lost due to this treatment) or preincubated (1 h) with 1% soluble potato starch prior to the adhesion assay. In other experiments, cells were preincubated (1 h) with formaldehyde (2%, wt/vol), glutaraldehyde (2%, wt/vol), sodium azide (0.02%, wt/vol), or trypsin (1 mg/ml) and washed twice (12, similar to that of O-butyl starch above. Starch palmitate was prepared (Fig. 1) by reaction of palmitoyl chloride with starch in the presence of pyridine as an acid scavenger and toluene as diluent (9) .
The starch EAA ester was prepared in two steps (Fig. 1 ). Initially EAA was refluxed with acetic anhydride to give the mixed acetyl polyethylene-co-acrylic anhydride. The latter was then reacted with starch to yield starch-polyethyleneco-acrYlate.
RESULTS
The number of 35S-labeled L. amylovorus cells bound to cornstarch granules increased with time, reaching a maximum of 60 to 75% in 30 min, after which bound radioactivity decreased to about 50% and remained stable for up to 3 h ( Fig. 2A) . In an identical experiment with heat-killed cells, only 10 to 15% of the cells bound to starch granules, yielding no such peak as seen with the live cells in Fig. 2A (data not  shown) . Maximum binding of bacteria to starch granules occurred at 24°C (Fig. 2B ) and pH 6.0 (Fig. 2C) . Similar results were obtained when a suspension of L. amylovorus cells was incubated with cornstarch granules for 30 min at 24°C, pH 6.0, and a portion of the incubation mixture was Gram stained and examined by light microscopy. Results indicated that a substantial portion of the cells were found associated with the starch granules (Fig. 3) .
Interestingly, binding of L. amylovorus cells to granules increased proportionally with the concentration of starch present in the incubation mixture (Fig. 4 ) as well as with the amylose content of the cornstarch (Fig. 5) . Bound cells could be removed from the granules by either high ionic strength or low pH. About 91 and 69% of the bound cells were removed from the granules by 2 M MgCl 2 (pH 7.0) and 1 M glycine (pH 2.5), respectively (Table 1) . Glutaraldehyde (2%) also removed 60% of the cells bound to the starch granules ( Table   1) .
Cells killed by heating in a boiling water bath for 3 min showed significantly reduced binding to starch granules Our laboratory is interested in studying bacterial attachment and degradative properties with respect to insoluble biopolymer matrices such as starch and cell~los.e (I?, [13] [14] [15] . As the application of starch as a raw materIal 10 bIOtechnological processes is becoming increasingly i?'l??rtant, the:e exists a need to understand more fully the mltIal events 10 surface interactions between amylolytic microorganisms and starch matrix. Data presented here show that cells of L. amylovorus bind substantially to an insolub.le cornstarch matrix (Fig. 2) . Proportionally more cells bmd when the concentration of either starch or amylose in the starch is increased (Fig. 4 and 5, respectively) . The binding interactions between the bacterium and starch granules appear to involve bonds that can be disrupted by either high ionic strength or low pR (Table 1 ). Binding to starch granules was Elution buffer starch and starch-EAA ester had little, if any, effect on the bacterium's ability to adhere to these starches (Table 4) .
In additional experiments, cornstarch granules were digested for 18 h separately with commercial Ci-amyla.se preparations of Bacillus licheniformis type XII-A, porcme pancreas type VI-A, barley malt type VIII-A, Aspergillus oryzae type X-A, Bacillus sp. type II-A, and a crude enzyme preparation (concentrated and dialyzed) obtained from the culture supernatant of L. amylovorus grown in this !aboratory. The starch digestion was varified by meaSUrIng the release of reducing sugars in the supernatants (data not shown). The light microscopic examination of starch samples incubated for 18 h with enzymes revealed that gran~les were still intact, and there were no apparent morphologl.cal changes in granular structure resulting from enzyme actIOn (data not shown). When enzyme-treated starches wer~e~ amined for adherence of L. amylovorus cells, results mdlcated no effect on the bacterium's ability to bind to such starches (data not shown), suggesting that the cell binding sites remain intact in the starch granule even after 18 h of enzyme treatment. Previous data in which partially digested granules were colonized by L. amylovorus cells (16) also appear to substantiate these results. ( Table 2 ). Similar results were obtained when cells were fixed with either 2% glutaraldehyde or 2% formaldehyde ( Table 2 ), suggesting that live cells are apparently more liable to adhere to starch granules than heat-killed or metabolically inactive cells. Treatment of bacteria with trypsin also significantly reduced their binding to cornstarch granules ( Table 2 ), suggesting that adhesive interactions between bacterium and cornstarch granules may be mediated by bacterial cell surface proteins or glycoproteins.
Preincubation of L. amylovorus cells with some simple sugars did not inhibit cell binding to granules (data not shown). Rowever, cells preincubated with 1% soluble potato starch showed substantially reduced binding to cornstarch granules (Table 2) .
Cornstarch granules treated with RCI-ethanol, RCI-methanol, RCI-butanol, or RCI-propanol exhibited reduced binding compared with untreated control cornstarch (Table 3) . Among derivatized starches, 33% more cells were bound to 2-0-butyl starch than to control cornstarch (Table 4) . In this derivatization, the hydrogen of the C-2 hydroxyl group of the anhydroglucose unit of the starch molecule is substituted with a butyl group (Fig. 1) . On the other hand, significantly fewer cells were bound to starch-palmitate (Table 4) , in which the palmitate group is substituted essentially at the same position of the starch molecule (Fig. 1) . Inhibition of cell adhesion appears to be consistent regardless of the degree of palmitate substitution (degree of substitution 0.48 or 0.09) on the starch molecule. The 2-0-(2-hydroxybutyl) (3, 7, 11, 12, 25, 26) . Cells of L. amylovorus pretreated with several simple sugars prior to their exposure to starch granules did not result in inhibition of binding to starch, but cells pretreated with 1% soluble potato starch were unable to adhere to corn starch granules (Table 2 ). These results suggest that starch binding sites on the bacterial cell surface recognize polymeric carbohydrate substrates rather than simple sugars. That the L. amylovorus cells bind normally to cornstarch granules that have been acted upon by commercial a-amylases for 18 h indicates that the cell binding site on the granular surface is distinct from that of enzyme active sites and the two activities may be different from each other. Furthermore, because no enhancement of cell adhesion was observed in starch granules predigested by amylase, limited enzymatic digestion of cornstarch granule did not expose any additional cell-binding sites on the granule surface. In this regard, Anderson and Salyers (1) showed that starch breakdown by Bacteroides thetaiotaomicron involves both the starch-binding sites localized on the bacterial outer membrane and the starch-degrading enzymes located in the periplasm of the cell. It was suggested that, in Bacteroides sp., amylolytic enzymes are not secreted extracellularly, and the binding of the starch molecule to the bacterial cell surface appears to be the first step in passing the molecule through the outer membrane into the periplasmic space.
Because chemical treatments of starch (HCI-ethanol, HCImethanol, RCI-butanol, and RCI-propanol) can (i) desiccate and precipitate the starch polymer, (ii) disrupt the intermolecular hydrogen bonding between the starch molecules, and (iii) reduce the polymer chain length, it is not surprising to find that L. amylovorus cells showed reduced binding to chemically treated starches (Table 3) .
Replacing the hydroxyl hydrogen at C-2 of the starch molecule with an n-butyl group enhanced the binding of L. amylovorus cells (Table 4 ). This starch derivative has been observed to exhibit a tendency to swell in cold water, producing an increased surface area for binding. The location of the n-butyl group would also disrupt intramolecular hydrogen bonding between contiguous anhydroglucose units, exposing more cell-binding sites on the starch molecule for bacterial attachment. Palmitate substitution of starch, on the other hand, inhibited cell adhesion (Table 4) , probably because the hydrophobic palmitate chain interferes sterically with binding sites on the surface of the starch granule. The differences in the binding activities of the L. amylovorus cells to raw cornstarch and to chemically treated as well as some derivatized cornstarch may in part be due to the resulting substrates having significantly different surface morphology, in contrast to the amylase-treated granules which have the same binding activity as raw cornstarch granules.
